High quality single wall carbon nanotube quantum dots have been made showing both metallic and semiconducting behavior. Some of the devices are identified as small band gap semiconducting nanotubes with relatively high broad conductance oscillations for hole transport through the valence band and low conductance Coulomb blockade oscillations for electron transport through the conduction band. The transition between these regimes illustrates that transport evolves from being wave-like transmission known as Fabry-Perot interference to single particle-like tunneling of electrons or holes. In the intermediate regime four Coulomb blockade peaks appear in each FabryPerot resonance, which is interpreted as entering the SU(4) Kondo regime. A bias shift of opposite polarity for the Kondo resonances for one electron and one hole in a shell is in some cases observed.
INTRODUCTION
Single wall carbon nanotubes (SWCNT) are interesting objects for the study of low dimensional mesoscopic systems, where the observed phenomena crucially depends on the coupling to the contacts. For good contact, the SWCNT acts as an electron wave guide creating resonances at certain energies. Such systems are regarded as open quantum dots with the resonances corresponding to the broad energy levels of the quantum dot [1] . In the opposite limit of very low transparency, the electrons are forced to tunnel one by one due to Coulomb blockade and the energy levels sharpens due to their longer life time [2, 3] . In this so-called closed quantum dot regime the electron number on the SWCNT is well-defined except at charge-degeneracy points where single electron tunneling occurs. An intermediate regime also exists in which the electron number on the dot is still fixed but significant cotunneling is allowed. This leads to different kinds of Kondo effects related to the total excess spin [4, 5, 6] and/or the orbital degree of freedom on the SWCNT quantum dot [7, 8] . We will in this paper examine the transition between these regimes in small band gap semiconducting nanotubes, where the coupling to the SWCNT is different for transport through the valence and conduction band [9] . High quality measurement is presented from each transparency regime showing that each Fabry-Perot oscillation develops into four Coulomb blockade resonances with finite conductance in the valleys for intermediate transparency (Kondo effect) and well known Coulomb diamond patterns with fourfold degenerate shell structure at lowest transparency [10] .
EXPERIMENTAL METHODS
SWCNTs are grown from predefined catalyst islands by chemical vapor deposition on a highly doped silicon substrate capped by a 500 nm silicon dioxide layer. After growth, pairs of electrodes are defined by electron beam lithography some microns away from the catalyst islands in hope that one SWCNT bridges the gap between the two electrodes. In the case of the small band gap semiconducting SWCNT the electrodes consist of Au/Pd bilayers (40 nm/10 nm). Finally bonding pads of Au/Cr are made by optical lithography connecting the electron beam lithography defined electrodes. The devices are electrically probed at room temperature with typical resistances in the range of 20-200 kΩ. These are cooled to low temperatures where device characteristics clearly reveals if only one SWCNT is in the gap. More details on device fabrication can be found in Refs. [11, 12] . The measurements presented in this article are mostly made at 4 K in a DC-setup.
METALLIC AND SEMICONDUCTING NANOTUBES
SWCNTs have the remarkable property that depending on the exact arrangement of the carbon atoms they can either be metals or semiconductors. Figure 1 shows the gate (and temperature) dependence of the linear conductance for two different types of SWCNTs, which defines whether the nanotube is semiconducting or metallic. Figure 1 (a) displays the behavior of a metallic SWCNT characterized by its relatively constant linear conductance as a function of gate voltage close to room temperature. On the contrary the behavior shown in Fig.  1(b) corresponds to a semiconducting SWCNT due to its strongly gate dependent linear conductance [13] . The semiconducting SWCNT has clearly high conductance for negative gate voltages, which is due to hole transport through the valence band as indicated in the inset showing the band structure (p-type). In the range of 4 V < V gate < 10 V the chemical potential of the leads is aligned with the band gap, i.e., no conduction occurs. At higher temperatures signs of electron transport through the conduction band is seen at high positive gate voltages due to thermal excitation of electrons into the conduction band. The SWCNT shown in Fig. 1(b) has a relative large band gap, while conduction for small band gap semiconductors reappears for positive gate voltage in the gate range shown due to electron transport through the conduction band (see below). Note, that the resistance between the two devices differ by an order of magnitude due to different coupling to the leads. In general the coupling can to some extent be controlled by choice of electrode material [14] . Figure 1 (a-b) also shows the temperature dependence, where the gate dependence of the linear conductance for both devices evolves into regular oscillations at low temperature. These oscillations are a manifestation of Coulomb blockade, which as mentioned above happens for SWCNT weakly coupled to the leads. The regularity of the Coulomb oscillations indicates whether good quality of the SWCNT has been obtained or if more than one SWCNT is bridging the gap between the electrodes. For high quality SWCNTs regular oscillations should persist through a gate region of typically |V gate | < 10 V as shown in (a). On the contrary if the SWCNT has defects only small regions of gate voltage might have well behaved oscillations.
SMALL BAND GAP SEMICONDUCTING NANOTUBES
We will now focus on small band gap semiconducting SWCNTs, where the band gap is so small that transport can be tuned from hole transport through the valence band to electron transport through the conduction band by the back gate [9, 15, 16, 17] . Figure 2(a) shows the linear conductance versus gate voltage at source-drain voltages V sd ∼ 1 meV for a small band gap SWCNT at T = 4 K (device 1). The nature of the SWCNT is identified by the relatively high conductance region for negative gate voltages (hole transport) in contrast to the low conductance region for positive gate voltages (electron transport). The broad oscillations for hole transport for gate voltages between −3 V and 0.5 V are a manifestation of the Fabry-Perot interference pattern, i.e., an open quantum dot [1] . In contrast for positive gate voltages regular low conductance oscillations are observed due to Coulomb blockade. degree of freedom. When this device is cooled to lower temperature (50 mK) Kondo resonances are seen within the four-fold shell structure (not shown) in contrast to the lower conducting region, e.g., gate voltages from 5 V to 8 V, where only single electron tunneling is possible.
The different transparency of the n-and p-type regions can be understood from Fig. 2(c) . For negative gate-voltages (left figure) the bands are bending in such a way that holes can tunnel from source into the valence band and out to drain. The Schottky barrier for hole transport is relatively small because the workfunction of the Pd contacts is close to the valence band edge leading to a relatively high conductance [9] . Transport can be changed to electron transport through the con- duction band (right figure) by applying positive voltage to the gate. The Schottky barrier is in this case significantly larger leading to a low coupling of the SWCNT to the electrodes. Between these two transport regions no transport is allowed because the chemical potential in the leads is within the band gap of the semiconducting SWCNT.
More information on the transport properties can be revealed by bias spectroscopy, where the differential conductance is measured as a function of gate and bias voltages. A bias spectroscopy plot of part of the Fabry-Perot region is shown in Fig. 3(a) . The low conductance regions (red areas) form a mesh due to interference of the hole waves reflected back and forth. Regarding the device as a quantum dot the white regions at zero bias correspond to being in resonance, while a red regions are off resonance. The level spacing can be extracted as indicated in Fig. 3(b) by the black arrow ∆E ∼ 4 meV consistent with the device being around L = vF π ∆E ∼ 400 nm. Here we have used a linear dispersion since we are far from the band gap. Furthermore, a four-fold degeneracy of the level is assumed, which is clearly revealed in the ntype region of the device (see below). The device has a high asymmetric resistive coupling, because the conductance at resonance is lower than 4e 2 /h. The asym-
2 /h is the conductance at resonance yielding Γ L /Γ R = 0.17. The capacitive couplings to the source and the drain electrodes are also slightly different or/and the capacitive coupling to the gate is comparable to the source and drain capacitance because of the different slopes of the low conductance lines (red). The capacitances will be examined more closely in the Coulomb blockade case below. Figure 3(b) shows a bias spectroscopy plot in the ptype region for another small band gap semiconducting SWCNT with lower transparency (device 2). Signs of Fabry-Perot oscillations are still observed, but each Fabry-Perot resonance is split into four smaller peaks [9] . These peaks are due to Coulomb blockade and single hole tunneling, i.e., the four-fold degenerate level becomes visible due to quantization of the charge. The finite conductance in the valleys between the peaks are indication of SU(4) Kondo effect, which will be treated in more detail below [7] .
Figure 3(c) shows a bias spectroscopy plot in the ntype region of device 1, where the transparency is reduced even further. Clear Coulomb blockade diamonds and excited states are observed. The numbers indicate the relative electron filling of the SWCNT quantum dot and a number dividable by four corresponds to a filled shell identified as three small diamonds followed by a bigger diamond. A shell thus consists of a four-fold degenerate level as expected due to orbital and spin degrees of freedom. The charging energy can be extracted from the three small diamonds as half the source-drain height U c ∼ 11 meV (left red arrow). The orbital splitting and exchange energy are very small since the three consecutive small diamonds in one shell are almost equal in height, e.g., diamonds 5, 6 and 7. Every fourth diamond is bigger (filled shell) since the addition of the . This structure is even more evident when the coupling decreases further as shown for the n-type region of device 1 (magenta and blue curves). All the curves are translated along the gate axis, but not scaled.
first electron in a new shell requires both a charging energy and a level spacing energy. The additional diamond height of the larger diamonds thus yields the level spacing ∆E ∼ 4 meV (right black arrow). This is consistent with the level spacing identified from the excited state lines shown for electron filling 7 (left black arrow). The asymmetry of the diamonds are due to the capacitive coupling of the source C s , drain C d and gate C g electrodes to the SWCNT. Estimating the slopes α s = 0.51 and α d = −1.02 of the two lines constituting the diamond (dashed red lines) as well as the gate voltage distance ∆V g = 33.6 mV between two Coulomb diamonds (diamond 7) the capacitances can be found. We find C s = 4.7 aF, C d = 4.6 aF and C g = 4.8 aF by
is the total capacitance to the surroundings, α s/d corresponds to aligning the electrochemical potentials of the dot with the source/drain and an asymmetric biasing with the drain on ground is used [18] . The equal magnitude of the gate and source/drain capacitive coupling thus makes the diamond asymmetric.
The transition between the different transparency regimes is even more clearly revealed in the linear conductance versus gate voltage shown in Fig. 4 . All curves are extracted at zero bias from bias spectroscopy plots in the p-or n-type region of the two small band gap semiconducting SWCNTs presented above (device 1 and 2). The most conducting device (red curve) shows broad FabryPerot oscillations with no sign of single hole transport consistent with holes added continuously to the SWCNT due to the relatively good coupling. When the coupling to the SWCNT weakens, the holes become more localized on the SWCNT and single hole transport is observed (black curve). Four Coulomb blockade resonances emerge in each broad Fabry-Perot resonance consistent with each resonance (level) being four-fold degenerate. For even weaker coupling a closed quantum dot is formed (magenta and blue curves), where the measurement stems from the n-type region of device 1. The curves are not scaled but only shifted along the gate axis. Similar observations have been made by Cao et al. on very clean suspended small band gap semiconducting SWCNTs and also in our measurement the Coulomb energy seem to diminish as the transparency increases [9] . This is seen by the distance between the peaks within one shell for the magenta curve is smaller than in the case of the black curve.
Intermediate regime
We now want to examine the transport behavior in the regime of intermediate transparency in more detail. Figure 5 (a) shows a bias spectroscopy plot taken from Fig. 3(b) with the filling of only two shells each containing a four-fold degenerate level, i.e., addition of 8 holes as the gate voltage becomes more negative. The numbers 0,..,4 show the number of holes in one of the shells. The Coulomb diamonds are still faintly visible despite the relative high transparency, where the big diamond(s) correspond to filled shells. The charging energy and level spacing can be estimated as above yielding U c ∼ ∆E ∼ 2.5 meV (see arrows). Similarly, to the case of the closed quantum dot we deduce the capacitances of the device from the slopes of the diamond sides (α d = −0.185andα s = 0.178) and the voltage distance between two consecutive Coulomb blockade resonances (∆V g = 27 mV) in the shell giving C s = 32 aF, C d = 27 aF and C g = 6 aF. In the case of the closed quantum dot of device 1, the gate capacitance is almost identical (∼ 5 aF) consistent with the two devices having the same geometry. In contrast to the more closed dot (device 1), the source and drain capacitances are increased. We speculate that increasing the transparency to the source and drain contacts leads to an increase of the source and drain capacitances because the wave function extends below the contact. Such behavior is also consistent with the charging energy diminishing with increasing transparency as noted above. Figure 5(c) shows the bias cuts in the center of the diamonds for filling 1, 2 and 3 (see colored arrows), where clear zero bias peaks are present. These zero bias peak are manifestation of the SU(4) Kondo effect due to the four-fold degeneracy of the shell [7, 19] . The FWHM of the Kondo peak for filling of The Coulomb blockade resonances are clearly shifted to more negative source-drain voltage as the holes are added to the shell with a slope of ∆V sd /∆V gate ∼ 0.008 (red dashed line). Furthermore, the Coulomb blockade resonances for the hole transitions 0'-1' (1'-2') and 3'-4' (2'-3') are shifted equally in bias but with different polarity. Similarly, the Kondo peak for holes fillings 1' and 3' (i.e., one electron) are shifted oppositely in bias (∼ ±0.5 meV) as shown in Fig. 5(d) , while the Kondo peak for hole filling 2' is centered at zero bias. We note that an opposite slope is also found in Fig. 3 (b) (V gate ∼ 1.1 V). This behavior has previously been observed in carbon nanotubes showing four-fold shell structure [8, 20] and also for spin half Kondo effect in a GaAs based quantum dot [21] . In Ref. [8] the authors speculate that it is related to SU(4) Kondo effect, because SU(4) theory predicts a shifted density of states compared to the spin half Kondo effect for electron filling 1 in equilibrium [22] . However, in Ref. [20, 21] and theoretical work on spin half Kondo effect [23] the behavior was attributed to the asymmetry of the coupling to the leads, which shifts the Kondo peaks to finite biases. The asymmetry can be extract from the linear conductance of the Kondo resonance in the unitary limit or from current plateau corresponding to the total current through one level [20] . However, at this temperature the Kondo resonances are not saturated and the current plateaus are too smeared to extract the couplings. More experimental work at lower temperature as well as precise theoretical predictions of these shifts are needed to elaborate more on this effect.
CONCLUSION
In conclusion measurements on very clean single wall carbon nanotube quantum dots have been presented. We focused on small band gap semiconducting SWCNTs and the transition from an open to a closed quantum dot (Fabry-Perot interference to Coulomb blockade). The appearance of four peaks is observed in each Fabry-Perot resonance as the transparency is decreased, which is interpreted as entering the SU(4) Kondo regime. The Kondo resonances for one hole and one electron in a shell are in some cases shifted to opposite biases. At even lower transparency clear Coulomb blockade shell structure with a four-fold degeneracy due to orbital and spin degrees of freedom is observed. The red dashed lines show how the Coulomb and Kondo resonances are shifted in bias as holes are added to the shell, i.e., no and finite slope for (a) and (b), respectively. The green, blue and red arrows point to bias cut for hole filling one, two and three displayed in (c-d). Clear Kondo peaks are observed, while they are shifted to opposite bias for hole filling 1' and 3' in (d).
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